Introduction
Widespread reductions in cerebral cortical thickness have been documented in MRI studies of patients with first-episode [1] [2] [3] and chronic schizophrenia. 4, 5 In patients with bipolar I disorder, a more limited regional cortical thinning has been reported. [6] [7] [8] To the extent that these subtle brain abnormalities reflect etiological factors, they may hold clues to illness mechanisms. However, factors associated with having the illness, such as medication, alcohol and illicit substance use, cigarette smoking, sedentary lifestyle and nutrition, might also affect brain structure. 9 Cigarette smoking is highly prevalent among patients with mental illness. 10, 11 For example, smokers with schizophrenia have higher nicotine consumption, report more craving and are less likely to quit than other smokers. [12] [13] [14] High rates of smoking observed before illness onset suggest that, unlike medication effects, potential effects of smoking need not be confined to periods after illness onset. 15 Voxel-based morphometry (VBM) studies in nonpsychiatric populations have shown differences in cortical grey matter between adult smokers and nonsmokers. Reduced grey matter volume in the anterior cingulate cortex (ACC) has been reported among smokers. [16] [17] [18] Reduced grey matter volume in smokers has also been demonstrated in frontal cortex regions, including the dorsolateral prefrontal cortex (DLPFC) and the orbitofrontal cortex (OFC). 16, 17, 19 In another study, grey matter volume reduction was reported in a number of brain areas, including the cingulate gyrus, frontal and occipital lobe areas.
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Regional cortical thinning in the medial OFC has also been demonstrated. 21 Smoking has previously been shown to be associated with reduced insular thickness in a study of patients with alcohol addiction. 22 In a recent study by Morales and colleagues, 23 cumulative exposure to cigarettes correlated inversely with insular thickness among young, healthy smokers. In the same study, no difference emerged between smokers and nonsmokers, possibly suggesting that a certain degree of exposure is required to cause thinning in this region.
Regions of cortical thinning in healthy smokers do, to some extent, overlap with regions where thinner cortices are reported in patients with schizophrenia; the cingulate cortex, INS, DLPFC and OFC have rather consistently been found to be reduced and have therefore been proposed to play a key role in the illness. 4, 24, 25 Reduced grey matter in these regions has also been demonstrated in studies of unmedicated patients with psychosis. 26, 27 In patients with bipolar disorder, reductions in the ACC and DLPFC 6, 28 and the OFC 8 have been reported. To our knowledge, 2 studies have previously examined associations between regional cortical morphology and smoking in patients with schizophrenia. In a VBM study, smokers showed increased grey matter volume of the lateral prefrontal and superior temporal gyri compared with nonsmokers. 29 However, the sample was small, and potential confounders could not be ruled out. A recent study found smaller DLPFC volume among smoking patients, 30 while exploratory analyses of the whole brain cortical surface showed thinning limited to a region in the right occipital lobe. Thus, findings have not been consistent.
The aim of the present study was to examine how smoking affects cortical thickness in patients with psychotic illness and/or bipolar disorders and healthy controls. Based on the literature on smoking and brain structure in healthy populations reviewed above, [16] [17] [18] 20, 21 we selected 4 regions of interest (ROIs) in both hemispheres: the ACC/PCC, INS, DLPFC and OFC. Our main hypothesis was that smoking would be associated with thinner cortices in these regions and that this effect would be more pronounced in the patient group than the control group. We also hypothesized there would be a doseresponse relationship between cigarette consumption and reduced cortical thickness as well as an age-dependent relationship where smokers in both groups would show thinner cortices with older age compared with nonsmokers. We aimed to rule out possible confounding variables affecting cortical thickness, including illness severity, alcohol or illicit substance use, medication and IQ. To examine the regional specificity of our findings, we also conducted analyses of cortical thickness across the whole brain surface.
Methods

Sample
The present study is part of the ongoing Thematically Organized Psychosis (TOP) Study, conducted at the Norwegian Centre for Mental Disorders Research (NORMENT). Patients with schizophrenia, schizoaffective disorder, other psychotic illness (including brief psychotic disorder, delusional disorder, psychotic disorder not otherwise specified and severe depression with psychotic features) and bipolar disorders were recruited from psychiatric clinics and hospitals in the Oslo region, Norway. Some patients (n = 21) were recruited from hospitals outside of the Oslo region. Healthy controls were randomly selected from the national population registry in the same catchment area. Differences in regional cortical thickness between patients with schizophrenia and bipolar disorder and healthy controls have previously been reported based on a partly overlapping sample. 7 Inclusion criteria for the patient sample were age 18-65 years; no history of moderate to severe head injury; no history of neurologic disorder; IQ greater than 65; and ability to fully understand the information given about the study and provide informed consent, as judged by the study physician or clinical psychologist. Additional inclusion criteria for the healthy control sample were no current or previous psychiatric disorders, no family history of severe psychiatric disorders, no alcohol or substance dependence and no use of cannabis in the 3 months preceding assessment. All participants received information about the study orally and in writing before giving their consent. The study was approved by the Regional Committee for Medical Research Ethics and the Norwegian Data Inspectorate.
Patients and healthy controls who participated in the TOP study between 2004 and 2012 and had completed both the clinical assessment and MRI scan were selected for the present study. The median time period between the clinical assessment and MRI scan was 118 days. The clinical assessment was performed by trained physicians or clinical psychologists. We verified diagnoses using the Structured Clinical Interview for the DSM-IV axis-I disorders (SCID). 31 For the patient sample, we collected data on current use of tobacco products, number of cigarettes smoked per day and years of daily smoking using structured interviews designed for the study. Patients who smoked daily at the time of inclusion were considered current smokers. Healthy controls were asked through retrospective phone interviews if they smoked at the time of inclusion. We excluded users of smokeless tobacco products from the sample.
MRI image acquisition
All participants underwent MRI scanning on the same 1.5 T Siemens Sonata scanner (Siemens Medical Solutions) equipped with a standard head coil. After a conventional 3-plane localizer, 2 sagittal T 1 -weighted magnetizationprepared rapid gradient echo volumes were acquired with the Siemens tfl3d1_ns pulse sequence (echo time 3.93 ms, repetition time 2730 ms, inversion time 1000 ms, flip angle 7°, field of view 24 cm, voxel size 1.33 × 0.94 × 1 mm, 160 partitions). Acquisition parameters were optimized for increased grey/white matter contrast. No acceleration by means of parallel imaging was applied. Patients and controls were scanned interchangeably. There was no scanner hardware upgrade during the study period, but routine software updates were performed. All scans were evaluated by a neuroradiologist, and participants with scans showing minor brain pathology were excluded from the study.
MRI image processing
We used FreeSurfer 5.3.0 software (http://surfer.nmr.mgh .harvard.edu/) to create a 3-dimensional (3D) model of the cortical surface for cortical thickness measurements. Briefly, this processing includes motion correction and averaging, removal of non-brain tissue, automated Talairach transformation, segmentation of subcortical structures, intensity normalization, tessellation of the grey/white matter boundary, automated topology correction and surface deformation following intensity gradients to optimally place the grey/white matter and grey matter/cerebrospinal fluid (CSF) boundaries. [32] [33] [34] [35] The method uses both intensity and continuity information from the entire 3D MRI volume in segmentation and deformation procedures to produce representations of cortical thickness, calculated as the closest distance from the grey/white matter boundary to the grey matter/CSF boundary at each vertex of the tessellated surface. 33 Quality control and editing was performed by trained research assistants under the supervision of an experienced FreeSurfer user. If image quality problems due to motion or image artifacts were detected, each of the 2 acquired T 1 images were processed separately and the volume of highest quality was selected by visual inspection. All volumes were visually inspected for segmentation errors. If found, segmentation errors were corrected using manual editing and/or control points. Two individuals were excluded owing to failed quality control.
For the ROI analyses, we selected 3 parcellated regions in the cingulate cortex (caudal ACC, rostral ACC, PCC), 1 in the INS, 1 in the DLPFC (rostral middle frontal cortex) and 3 in the OFC (lateral OFC, medial OFC and pars orbitalis) in the left and right hemisphere (Fig. 1 ). All parcellations were defined from the Desikan-Killiany atlas, which is included in the FreeSurfer package. 36 
Statistical analyses
We assessed differences in demographic and clinical data between smokers and nonsmokers in both groups using Student t or χ 2 tests. We analyzed the selected ROIs using a general linear model (analysis of covariance [ANCOVA]) with cortical thickness as a dependent variable, smoking status as a categorical variable of interest and age and sex as covariates. Before examining the main effects of smoking, we performed initial analyses to test if main effects of smoking would differ between patients and controls. We included smoking × group (patient, control) interaction terms in the models and included the whole sample in these analyses. Since we found significant smoking × group interaction effects in the left rostral ACC (F = 3.89, p = 0.049) and in the left INS (F = 4.21, p = 0.041) as well as at a trend level in the left PCC (F = 3.60, p = 0.06), we decided to stratify further analyses of main effects (i.e., analyze patients and healthy controls separately). For more information about the initial analyses, see the Appendix, available at jpn.ca.
Next, we examined interaction effects between smoking and age to assess whether the effects of smoking depended on age in a similar way. First, we performed initial analyses to determine whether age × smoking status interaction effects would differ between patients and controls. This was done by adding 3-way interaction terms (age × smoking × group) to models tested in the whole sample. Significant 3-way interaction effects were found in several areas, including the left (F = 3.1, p = 0.041) and right caudal ACC (F = 3.7, p = 0.024), left (F = 4.4, p = 0.012) and right medial OFC (F = 4.8, p = 0.008), right lateral OFC (F = 4.2, p = 0.016) and, at a trend level, the right rostral ACC (F = 2.9, p = 0.06). Consequently, we stratified these analyses by group (patient v. control). For more information about these initial interaction analyses, see the Appendix. Since previous studies have shown regional cortical thickness differences between patients with schizophrenia and bipolar disorder, 37 we adjusted for diagnosis (coded as a categorical variable with 3 levels: schizophrenia, bipolar disorder, other psychosis) in our within-patients analy ses.
We then examined associations between degree of smoking (no. of cigarettes/d) and cortical thickness among patients when data were available. Since the number of cigarettes/d was not symmetrically distributed, and such a distribution could not be obtained by log transformation, we decided to divide the degree of smoking into 3 categories (light: 1-9, moderate: 10-19 heavy: ≥ 20 cigarettes/d). 38 We then performed an ANCOVA to test whether cortical thickness differed between these groups.
Based on previously published data, we selected the following 5 variables a priori and examined them as potential confounds: duration of illness, defined by time of initial illness episode to date of MRI; 39 symptom severity based on Positive and Negative Syndrome Scale (PANSS) score; 40 antipsychotic exposure (see the Appendix for details); alcohol and/or illicit substance use; 19, 41 and general cognitive ability, as measured by the Wechsler Abbreviated Scale of Intelligence (WASI). [42] [43] [44] Alcohol use was defined as the mean number of alcohol units consumed per week. Illicit substance use was analyzed collectively as use of any substance (dichotomized) and separately as use of cannabis, amphetamines and cocaine. Because illicit substance use was among the exclusion criteria for healthy controls, analysis of substance use was done in for the patient sample only. We examined the influence of each potential confounder by including each variable in the model, with age, sex and (for patients) diagnosis as covariates, and assessing their influence on the model. For all ROI analyses, we used an a level of p < 0.05, 2-tailed. We applied the Benjamini-Hochberg method to correct for multiple comparisons. 45 Based on observed p values from 32 tests, the procedure resulted in a corrected threshold of p = 0.003. We performed our analyses using SPSS software, version 20 (IBM).
For vertex-based cortical thickness analyses, we created statistical p maps by fitting general linear models with cortical thickness as a dependent variable to each vertex across the cortical mantle. Statistical maps were first spatially smoothed using a 20 mm full-width at half-maximum (FWHM) Gaussian kernel. We also examined post hoc how different smoothing thresholds (FWHM of 10, 15, 25 and 30 mm) affected significant results. Similar to the aforementioned analyses, smoking status was entered as a variable of interest, while age, sex and (for patients) diagnosis were entered as covariates in the models. We also included age × smoking status interactions in the models. Results are reported using a false-discovery rate (FDR) set at p < 0.05, 2-tailed. We also report findings from whole brain analysis using a threshold of p < 0.01, 2-tailed, uncorrected. These analyses were performed in FreeSurfer using the general linear model function.
Results
Participants
We selected 506 patients and 237 healthy controls to participate in our study; 250 patients (49%) and 48 controls (20%)were smokers. Characteristics of the sample are shown in Table 1 . Users of smokeless tobacco products (n = 22) were excluded from the sample. One patient who smoked both pipe tobacco and cigarettes was included as a cigarette smoker. There were significantly more men than women among the smoking controls, but there were no sex differences among patients. In both groups, smokers used more alcohol than nonsmokers. Among patients, smokers had more often used cannabis and other illicit substances than nonsmokers. In both groups, smokers had lower WASI scores than nonsmokers. For detailed information about medication use, see the Appendix.
Main effects of smoking on thickness of the ACC/PCC, INS, DLPFC and OFC
Smoking patients showed reduced cortical thickness in the left rostral ACC and the left INS compared with nonsmoking patients (Table 2 ). In addition, we observed reductions in the right rostral ACC, the PCC bilaterally, the left rostral middle frontal cortex and the left lateral OFC among patients who smoked, but these findings did not remain signifi cant after correction for multiple testing. There were no significant differences between smokers and nonsmokers among healthy controls (Table 2) . Subgroup analyses showed similar trends across diagnostic subgroups (schizophrenia, bipolar disorder, other psychosis) in the left rostral ACC and left INS, with cortical thickness reductions among smokers ranging from 1.6%-3.3% and 0.9%-2.2%, respectively. However, sample size was smaller in these analyses, and no finding was sig nifi cant after correction for multiple testing (Appendix).
Association between smoking severity and cortical thickness in patients
There were no significant differences among light, moderate and heavy smokers (Appendix), with the exception of a thinner cortex in the left medial OFC among heavy smokers compared with light or moderate smokers. This finding did not remain significant after correction for multiple testing.
Interaction effects of age and smoking status
There were no interaction effects between smoking status and age that remained significant after correction for multiple testing. We observed nominally significant findings in some regions. Among patients, interaction effects indicating thinner cortices with increasing age in smokers compared with non- Figure S1A . With age × smoking interaction terms in the models, there were no significant main effects; however, there were effects at trend levels in the right caudal ACC (F = 3.53, p = 0.06) and the right lateral OFC (F = 3.60, p = 0.06).
In the control group, nominally significant interaction effects indicated reduced cortical thickness with increasing age in nonsmokers, but not in smokers, in the right rostral ACC (F = 6.65, p = 0.011) and left and right medial OFC (F = 6.95, p = 0.009 and F = 5.44, p = 0.021, respectively). In addition, there were significant main effects of smoking, indicating that when this age-dependent effect was controlled for, cortical thickness was reduced among smokers in the same areas. Scatter plots of raw values with age slopes for the right rostral ACC are shown in the Appendix, Figure S1B .
Control for possible confounding variables
The main effect of smoking observed in the left rostral ACC among patients remained significant with correction for multiple testing after any of the potential confounders were added to the model. Similarly, the main effect observed in the left INS remained significant, with 2 exceptions: when alcohol and illicit substance use were included in the models, and with correction for multiple testing, reductions in the left INS were significant at trend levels only (both unadjusted p = 0.005). Neither alcohol nor illicit substance use was significantly associated with cortical thickness, and the change observed after entering them in the models was small. None of the other potential confounders affected the finding in the left INS. Analyses of the effects of potential confounding variables on nominally significant results are provided in the Appendix.
Whole brain analyses of cortical thickness
Statistical maps showing main effects of smoking and interaction effects between smoking and age are shown in Fig. 2 . Among patients, cortical thinning was observed in a region in the left INS. This effect was observed across varying smoothing thresholds (FWHM of 10-30 mm). We observed no further regional cortical thickness differences between smokers and nonsmokers.
Among healthy controls, no main effect of smoking was observed. A significant age × smoking status interaction effect in a region in the left occipital cortex indicated increased cortical thinning with greater age among smokers. This effect was not changed by applying smoothing kernels of 15 mm and 25 mm, but when p maps were smoothed using the lowest (10 mm FWHM) or highest (30 mm FWHM) thresholds, the results did not remain significant after FDR correction.
In the ROI analyses, we found reduced thickness in the left ACC. In the same region, reduced thickness was among ‡In patients this refers to the average no. of alcohol units consumed per week during the last 2 years; in healthy controls it refers to the no. of units consumed per week during the last 2 weeks. §Use of any illicit substance (cannabis, cocaine, amphetamines, heroin, ecstasy, other) during the last 2 years. ¶Cannabis use in the last 3 months before assessment was an exclusion criterion for healthy controls. However, 5 healthy controls who reported minimal use (1-2 times) of cannabis during the month before MRI scan were kept in the sample.
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the findings observed in uncorrected p maps (p < 0.01), but did not survive FDR correction. For completeness, the uncorrected p maps are provided and the results are described in the Appendix.
Discussion
The main finding of the present study was reduced cortical thickness in regions of the cingulate and insular cortices among smoking patients compared with nonsmoking patients. These findings were largely unaffected by adjusting for potential confounders. Some of the reduction observed in the left INS was found to be attributable to alcohol and illicit substance use, although their effects were small; no confounding effect was found in the left rostral ACC. No reduced cortical thickness in these regions was demonstrated in healthy controls.
The cingulate and insular cortices have previously been implicated in smoking addiction among healthy smokers in resting state fMRI studies, 46 and these regions contain high densities of nicotinic acetylcholine receptors (nAChR). 47 These receptors have been shown to be upregulated among smokers, both in healthy samples and in patients with schizophrenia. [48] [49] [50] In animal models, prolonged exposure to nicotine in early development, adolescence and, to some extent, in adulthood has been shown to lead to desensitization and lasting deleterious effects on cholinergic synaptic transmission. 51, 52 Although it is possible this could result in cortical thinning, other neurotoxic effects, such as oxidative stress or apoptosis, cannot be excluded. 53 Regions in the cingulate and insular cortices are considered central nodes in the salience network, 54 which based on resting-state fMRI studies is implicated in psychosis. 26, 55 Two recent studies suggest that an overlapping circuitry may be involved in schizophrenia and smoking addiction. 56, 57 Interestingly, nAChR genes, which have been previously associated with smoking addiction, may confer risk for schizophrenia. 58 Cognitive processes that are often reported to be impaired in patients with schizophrenia, such as attention and working memory, have been implicated in research on cortical thinning in patients with severe mental illness [59] [60] [61] as well as in research on the effects of smoking on brain microstructure. 43, 44 Furthermore, these cognitive processes are modulated by the cholinergic system, 62 and there may be lower nAChR availability in several brain regions in individuals with schizophrenia. 63 Future studies should examine the interplay between smoking-related cortical thinning, cognitive deficits in patients with severe mental illness and a potential modulation by nAChR gene variants.
We observed no main effect of smoking in healthy controls in the selected regions. Several explanations are possible. First, healthy controls are likely to have smoked less than patients. 64 Previous studies have reported that patients with schizophrenia consume more cigarettes per day and extract more puffs and nicotine from each cigarette than healthy controls. 14, 65 Unfortunately, we lacked data on smoking intensity among controls and could not investigate this further. Second, we could not examine whether patients and controls started smoking at the same age. In the medial OFC, we found an opposite age association in controls and patients; a main effect of smoking indicated reduced thickness in the left medial OFC, but significant interaction effects suggested that less reduction was present with older age, although none of these findings survived correction for multiple testing. It could be speculated that a greater proportion of older controls had previously smoked. Taking into account the smaller sample size of smoking controls (n = 48), it is difficult to draw firm conclusions; whether patients are more vulnerable to smoking-related cortical reductions than the population in general remains to be answered.
The rate of smoking in our patient sample was close to 50%, which is in line with previous studies reporting rates of about 60% in patients with schizophrenia. 64, 66 Daily smoking rates in the Norwegian population have declined from 22% in 2007 to 16% in 2012 (www.ssb.no/en/royk). In line with this, 20% of our healthy controls were smokers.
Limitations
Although our study had a large sample size, allowing us to control for a range of possible confounders, including substances that may affect brain structure independent of smoking, there are limitations to consider. First, the study was not primarily designed to examine the effects of smoking, and we had limited data available on smoking behaviour, particularly for the healthy controls. A more detailed assessment of smoking severity, history and dependence could shed more light on the differences observed between patients and controls. We did not find a dose-response relationship between smoking intensity and cortical thinning. However, without a more detailed smoking history, it is difficult to conclude that no such relationship exists. Second, smoking data were collected through personal interviews with patients and retrospective telephone interviews with controls. However, this limitation does not affect the interpretation of within-group findings among patients. Third, the time period between assessment of smoking behaviour and MRI scan (about 4 months) is a limitation. However, smoking status is known to be quite stable, with low cessation rates among patients. 12 Fourth, FDR correction methods were applied in both the ROI and the whole brain cortical thickness analyses. Although we consider that this balances risks of false-positive versus false-negative results, family-wise error correction methods, such as Bonferroni correction, would have been more conservative. The top statistical map illustrates differences in cortical thickness between smoking and nonsmoking patients. The blue area indicates a significantly thinner cortex (p < 0.05, falsediscovery rate [FDR]-corrected) in smokers compared with nonsmokers. Since no areas were significantly different in the right hemisphere and no differences emerged in the medial view, only the lateral view of the left hemisphere is provided. The 2 bottom statistical maps illustrate different age slopes between smoking and nonsmoking healthy controls. Blue areas indicate a steeper slope, with increased thinning with older age among smokers (p < 0.05, FDR-corrected). All analyses were adjusted for age, sex and diagnosis (patients only) and were performed in FreeSurfer using the general linear model function.
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Conclusion
Cigarette smoking is associated with reduced cingulate and insulate thickness among patients with severe mental illness. The degree to which smoking may confound findings in MRI studies of psychiatric disorders depends on 2 factors: the causal relationship and the degree of association. First, cigarette smoking can act as a confounder only if it causes reduced cortical thickness, but it may be premature to draw conclusions about causality. Second, our findings do not indicate large effects, with smokers showing reductions of up to about 0.05 mm in limited regions (left rostral ACC) within the patient group. The difference between patients and healthy controls was estimated to be about 0.075 mm in the same region after adjusting for smoking and the smoking × group interaction. Further, in a previous study of schizophrenia involving an overlapping sample, we reported cortical thinning in more widespread frontotemporal regions. 37 Thus, although cigarette smoking may play a role, it explains only a limited portion of the cortical thickness reductions that have been demonstrated in previous studies of these disorders. Until the causal relationship has been clarified, future studies should take cigarette smoking into account together with other potential confounders.
